HE livability of stored bull spermatozoa is decreased by aerobic agitation (Prince and Almquist, 1948) . Hydrogen peroxide has been implicated in defects of motility, livability and metabolism in spermatozoa of various species (MacLeod, 1943; VanDemark et al., 1949; Tosic and Walton, 1950; Wales et al., 1959) .
Investigations not involving spermatozoa have demonstrated that exogenous hydrogen peroxide causes lipid peroxidation of membranous tissues (Horwitt et al., 1956) . It has been generally accepted that lipid peroxidation often occurs during storage of unsaturated lipids in the presence of oxygen (Sidwell et al., 1955; Horwitt et al., 1956; White et al., 1964) .
The following study was designed to test the hypothesis that unsaturated semen lipids undergo peroxidative deterioration when semen is stored in vitro.
Materials and Methods
Experiment 1. Semen from the ejaculates of five boars was collected twice weekly at 3-and 4-day intervals. The ejaculates were collected into flasks maintained at 37 ~ C. The ejaculate from each of the five boars included all of the sperm-rich fraction and, if necessary, enough of the sperm-poor fraction to bring the total volume contributed by each boar to 59 ml. Each trial involved a total of 295 ml. of semen pooled from five 59-ml. ejaculates. Five trials were run in the experiment.
The 295-ml. pooled sample in each trial was divided into two equal subsamples each totaling approximately 148 ml. One subsample was frozen in an acetone-dry ice bath and was used as a 0-hr. control. The second subsample was incubated aerobically at 37 ~ C. for 24 hr.
The test for lipid peroxidation was that of Sidwell et al. (1955) based on steam distillation of the products of peroxidized unsaturated lipid in dry whole milk powder and reaction of the distillate with 2-thiobarbituric acid (TBA). The following modifications of the procedure were used in adapting it to the determination of peroxidation in boar semen lipids.
Steam distillation was carried out in all glass equipment. Sample containers were l-liter round-bottom flasks. The semen subsample without addition of water was adjusted to pH 0.6 to 2.2 by addition of 3N HC1. Fifty milliliters of distillate was collected within a range of 10 to 12 min. from the time condensation of the distillate began. Duplicate 20-ml. aliquots of the distillate were reacted with TBA as described by Sidwell et al. (1955) , and the resulting mean optical density at 530 m~ was corrected by the optical density of an unreacted blank aliquot.
Experiment 2. In addition to the procedures of experiment 1, the aerobically incubated subsamples in the eight trials of this experiment were treated with levels of hydrogen peroxide ranging from 0.29 to 7.20 mg./ml. of semen.
Experiment 3. Procedures of experiment 1 were modified by extracting the lipids from each 148-ml. semen subsample by the method of Bligh and Dyer (1959) . The extracted lipids in each of the six trials were transferred to a ]-liter round-bottom flask, and the solvents were removed by rotation under vacuum. The lipids (approximately 135 rag. each) obtained by this procedure coated the sides of the flask. To the 0-hr. control, 148 ml. of distilled water was added and the subsample was immediately analyzed. After the addition of water the second subsample was subjected to a 24-hr. aerobic incubation at 37 ~ C. Emulsifiers such as sodium laurel sulfate and deoxycholate could not be used to suspend the lipids, because they interfered with steam distillation and color development involved in detecting lipid peroxidation. For comparison 688 commercial soybean oil (135 mg.) was subjected to identical conditions. Experiment 4. Five paired subsamples were each diluted 1:3 with egg yolk-glucose-sodium bicarbonate extender (Dzuik, 1958) . The subsamples were either analyzed immediately (control) by the procedures of experiment 1 or stored at 5 ~ C. for 3 days prior to analysis.
Experiment 5. Collection procedures of experiment 1 were modified to obtain five 118-ml. ejaculates. These were pooled to form a sample of 590 ml., which was divided into four subsamples of approximately 148 ml. each. In each of four trials there were included an unextended control, an unextended stored subsample and two extended stored subsamples, one of which included an extender containing 7.20 mg. of hydrogen peroxide per ml. of diluted semen.
Data from the optical densities of controls and treated samples from each experiment were analyzed for variance by the one-way classification. In addition to analysis of variance the regression of corrected mean optical densities on hydrogen peroxide was determined for experiment 2 (Steel and Torrie, 1960) . The data of experiment 5 were also subjected to Duncan's multiple range test (Steel and Torrie, 1960) to determine if the treatment means differed.
Results and Discussion
Experiment 1. TBA-reactive material is expressed as optical density at 530 mt~ for freshfrozen and aerobically incubated semen. Semen stored aerobically for 24 hr. at 37 ~ C. contained a significantly (P~.01) greater amount of TBA-reactive material than the 0-hr. controls (table 1). The average optical density of TBA-reaction products arising from lipid peroxidation were 0.017 for the 0-hr. controls and 0.049 for the incubated semen. Prince and Almquist (1948) have shown that agitation in the presence of air decreases the livability of bull spermatozoa, and they suggest that the effect might be due to the production of hydrogen peroxide. Preliminary observations under the conditions of the present experiment revealed that motility decreased by approximately one-half within the first 8 hr. of incubation.
VanDemark et al. (1949) demonstrated decreased motility, livability and glycolytic metabolism in the presence of aeration and increased oxygen tension. The effects noted by these investigators were attributed to a toxic environment resulting from formation of hydrogen peroxide.
Experiment 2. The hypothesis that the increase in TBA-reactive material detected in conjunction with aerobic incubation was due to measurement of actual peroxidation was substantiated by addition of hydrogen peroxide to boar semen samples. Hydrogen peroxide has been shown by Horwitt et al. (1956) to increase the amount of TBA-detectable material from the lipids of red blood cell membranes. Data obtained through incubation following the addition of varying levels of hydrogen peroxide from 0.29 to 7.20 mg./ ml. of semen reaction mixture are presented in table 2 and figure i. Peroxidation was significantly (P<.01) greater for the 24-hr. treated than for the untreated 0-hr. controls. The mean optical densities were 0.033 and 0.147 for fresh and treated samples, respectively. The coefficient of regression for hydrogen peroxide level on TBA-reactive material was 21.67 mg. of hydrogen peroxide/ml, of semenreaction mixture for each unit of optical density.
The suggestions of Salisbury et al. (1961) , Wales et al. ( ), MacLeod (1946 , Tosic and Walton (1950) and Mann (1964) indicate that endogenously produced hydrogen peroxide may have an effect in inducing alterations in deoxyribonucleic acid, livability and the sulfhydryl groups associated with motility and metabolism. It is evident that a further action of endogenous hydrogen peroxide may be in the induction of lipid peroxidation in the lipids located in spermatozoa or the seminal plasma, or both.
Experiment 3. To ascertain whether it was actually the oxidation products of semen lipids which were giving the TBA color reaction, the lipids from 148 m]. of semen were extracted and aerobically incubated at 37 ~ C. for 24 hr. The results (table ,3) indicated tbat, even though only the surface of the lipids coating the extraction vessel were in contact with atmospheric oxygen, significantly (P< .01) more peroxidation was detected. The mean optical density values were 0.030 and 0.155 for controls (0-hr.) and aged (24-hr.) samples, respectively.
Under the same conditions a similar quantity of commercial lipid was tested to determine whether other lipids underwent peroxidation when subjected to the incubation con- the next, all corrected mean optical densities for 3-day stored extended semen and 3-day stored extender were essentially identical. Why boar spermatozoa did not undergo apparent peroxidation when stored under these conditions is not known. VanDemark et al. (1950) found that 2-day storage with agitation in the presence of oxygen had no effect on either the livability or fertility of bull semen. In earlier experiments (VanDemark et al., 1949) it was suggested that hydrogen peroxide created a toxic environment which affected motility, livability and glycolytic metabolism.
The inability to demonstrate detrimental effects of oxygen on bull spermatozoa was attributed to the fact that the semen was partially extended prior to cooling and extension, thereby preventing the accumulation of hydrogen peroxide in concentrations high enough to show an adverse effect. The conditions of this experiment were such that the semen was fully extended prior to being placed in cold storage.
Experiment 5. Data from experiments 1 through 3 have indicated that peroxidation was favored by peroxidative procedures in conjunction with incubation. Experiment 4 has indicated that peroxidation does not occur under conditions of cold storage and extension. This experiment was designed to determine the effect that peroxidative procedures have on cold-stored extended semen. Comparison of the mean optical densities from the results presented in table 5 (fresh-frozen unextended semen, 0.042; 3-day stored unextended semen, 0.042; 3-day stored egg yolkglucose-bicarbonate extended, 0.054; and 3-day stored egg yolk-glucose-bicarbonate extended semen with hydrogen peroxide added, 1.804) revealed a significant (P~.01) difference among treatments. Multiple range analysis revealed that among-treatment differences were significant only for stored extended semen with added hydrogen peroxide.
In the previous experiments it was demonstrated that the ability to induce peroxidation was associated with aerobic incubation and increasing increments of hydrogen peroxide added to aerobically incubated semen. These previous experiments also demonstrated that it was not possible to detect peroxidation in unextended controls, extended controls, stored unextended and stored extended semen. In addition preliminary investigations were cited in which there was an indication that there were only minor differences between stored extended semen and the extender itself.
Comparison of the data in table 5 for addition of 7.20 mg. of hydrogen peroxide to each milliliter of extended semen with the data in the eighth trial of table 2 reveals that production of TBA reactants was several times greater in cold-stored extended semen. Apparently, it is possible to detect peroxidation only in stored extended semen, within the limits of the TBA test, when hydrogen peroxide has been added to the extender medium.
On the basis of these previous observations it seems unlikely that the extender medium is responsible for preventing peroxidation or its detection. It seems more reasonable to suggest that cold storage inhibits lipid peroxidation.
It should be further noted that Wilbur et al. (1949) found the TBA test to be specific only for measurement of peroxidation from linolenic and certain 20-carbon unsaturated fatty acids. A negative TBA test under storage conditions cannot preclude peroxidation of other unsaturated fatty acids.
The lipid peroxidation test of Sidwell et al. (1955) developed for use with dry milk powder was not used in this study with the intention of quantitatively measuring the amount of peroxidation. Rather, it was used to indicate, within the limits of the TBA test, that it is possible for specific unsaturated fatty acids in the lipids of semen to undergo peroxidation and that this peroxidation can be qualitatively detected. The results show that some of the fatty acids of boar semen were susceptible to peroxidation in the presence of exogenous hydrogen peroxide or when subjected to aerobic incubation. However, no peroxidation could be detected when semen was subjected to a commonly used storage procedure.
Summary
Thirty-five pooled ejaculates from five boars were used to study the effects of lipid extraction, aerobic incubation, hydrogen peroxide and storage in an extended condition on the peroxidation of lipids in boar semen. The 2-thiobarbituric (TBA) reaction was used to determine lipid peroxidation.
Semen subjected to 24 hr. of aerobic incubation at 37 ~ C. underwent significantly more peroxidation than 0-hr. controls. Addition of hydrogen peroxide ranging from 0.29 to 7.20 mg./ml, of semen-reaction mixture caused a significant increase in lipid peroxidation. Significantly more peroxidation occurred when extracted lipids were incubated than when fresh semen was incubated.
Measurement of TBA-reactive material in unextended fresh semen and extended fresh semen showed no significant difference from semen which was stored at 5 ~ C. for 3 days either with or without an egg yolk-glucosebicarbonate extender. Addition of hydrogen peroxide before storage of extended semen caused extensive peroxidation.
These findings indicate that measurable lipid peroxidation does not occur in boar semen under ordinary conditions of storage at 5~
